The evolution of nanometric helium bubbles in silicon has been investigated using spatially resolved electron energy-loss spectroscopy during in situ annealing in the transmission electron microscope. This approach allows the simultaneous determination of both the morphology and the helium density in the bubbles at each step of the annealing. Structural modification and helium emission from bubbles of various diameters in the range 7.5 to 20 nm and various aspect ratios of 1.1 to 1.9 have been studied. We clearly show that helium emission takes place at temperatures where bubble migration had hardly started. At higher temperatures, the migration (and coalescence) of voids is clearly revealed. For helium density lower than 150 He nm −3 , the Cerofolini's model taking into account the thermodynamical properties of an ultradense fluid reproduces well the helium emission from the bubbles, leading to an activation energy of 1.8 eV. When bubbles exhibit a higher initial helium density, the Cerofolini's model fails to reproduce the helium emission kinetics. We ascribe this to the fact that helium may be in the solid phase and we propose a tentative model to take into account the properties of the solid.
I. INTRODUCTION
Helium is one of the most inert elements in nature [1] and its solubility in most materials is very low. Its presence in materials may thus result from implantation, irradiation [2] , or pressureinduced helium trapping [3, 4] for instance. In the former case, the energetic helium atoms induce the displacement of a large number of atoms from their lattice position creating excess defects (self-interstitials and vacancies) that may agglomerate to form larger clusters and/or may interact with the implanted atoms as well. In many materials, the interaction of vacancies and helium leads to the formation of bubbles that may modify the mechanical and physical properties of materials. In particular, bubbles being responsible for the embrittlement of materials [5] , the study of helium bubbles in metal and metallic alloys, nanostructured or not, is a very active field in the nuclear domain, for instance, see Refs. [6] [7] [8] [9] [10] . Further, it has been recently suggested that helium bubbles themselves, could be used to control the damage evolution in irradiated materials, because they can act as a sink for point defects [9] .
In covalent materials, helium bubbles are formed following high fluence implantation as well and the idea to transform bubbles from a liability into an asset has also emerged twenty years ago in the semiconductor field. The most known application is probably the formation of helium and hydrogen bubbles, the platelets, used to produce silicon-on-insulator wafers (SOI) [11] . However, other potential applications have been demonstrated such as annihilation of dislocations in GaN [12] , reducing the threading dislocation density via the enhancement of the strain relaxation of SiGe/Si heterostructures [13] , * marie-laure.david@univ-poitiers.fr the proximity gettering of metallic impurities [14] , or the fabrication of ultrathin buried oxide layers in silicon [15] . Finally, low-energy helium plasma treatments have recently received considerable interest for nanostructuration of surfaces with applications in domains of energy conversion and storage devices, by both bottom-up [16] or top-down approaches [17, 18] . In particular, nanopores in amorphous silicon coatings produced using such methods have been revealed to contain a high helium density [19] .
For all these applications, the control of the bubble formation and evolution is essential. This requires an in-depth understanding of the underlying physical mechanisms. The rough picture of bubble formation and evolution in a covalent material like silicon is as follows. When implanted at high fluence, helium leads to the formation of tiny bubbles (about 2 nm in diameter) homogeneously distributed in a layer, the depth of which being controlled by the implantation energy. During annealing, the bubbles evolve into larger bubbles, helium is emitted from the bubbles, which transform into voids [20] , stable up to high temperatures [21] . This is somewhat different from what is observed in metals where helium dissociation from bubbles is effectively negligible and for which bubble coarsening processes are dominated by the thermal migration of bubbles and subsequent coalescence [22] .
However, although this scenario is generally admitted, the understanding of the structural evolution of the bubbles and especially its correlation with the helium content is still missing. On the one hand, the release of helium during annealing has been investigated by thermal helium desorption spectroscopy (THDS) [20, 21, 23, 24] . On the other hand, the dynamics of cavity coarsening during high-temperature annealing has been studied mainly by transmission electron microscopy [21, [25] [26] [27] [28] [29] but also by GISAXS (grazing incidence small angle x-ray scattering) for instance [30, 31] . In theory, combining these experiments could allow following the structural and chemical evolution of the bubbles. However, as the implantation conditions [32] [33] [34] and the annealing procedure [35] [36] [37] play a crucial role in the bubble formation and evolution, the relevance of a comparison between different experiments is seriously limited.
The simultaneous monitoring of both the morphology of the bubbles and the helium content would allow to overcome these limitations. For instance, spatially resolved electron energy-loss spectroscopy (EELS) has been shown to be a powerful tool to study in situ the irradiation-induced resolution of helium [38, 39] in the transmission electron microscope (TEM). Unfortunately, in silicon, the technique is destructive and can not be used to study thermal emission. We have recently developed a spatially resolved EELS approach based on energy-filtered transmission electron microscopy-spectrum imaging (EFTEM-SI) acquisition of the data avoiding helium detrapping under the electron beam and allowing the investigation of a large number of bubbles [40, 41] . EFTEM-SI thus appears as a powerful tool to unravel the detail of the evolution of bubbles during thermal annealing as it offers the unique possibility to investigate simultaneously the structural and the chemical modifications of the bubbles during an in situ annealing for instance.
In this paper, we have examined the structural and chemical modifications of the individual bubbles of a bubble layer created by high fluence helium implantation in silicon using in situ EFTEM-SI experiments. The paper is organized in four parts. First, experimental conditions are detailed. The experimental results are reported in a second part and the helium emission is modeled in a third part. Finally, the results are discussed. Note that in this paper, the word "cavity" is used to refer to both a bubble (containing helium) and a void, which does not contain helium.
II. EXPERIMENTS
P-type silicon samples were implanted at room temperature with helium at high fluence and moderate energy (50 keV, 7.5 × 10 16 cm −2 , and 0.01 Am 2 ). The samples were then annealed at 773 or 973 K for 30 min under vacuum in a tubular furnace; they are respectively labeled S773K and S973K.
The investigation of both the helium emission from individual bubbles and their structural modification was conducted through in situ annealing and spatially resolved EELS in the TEM. For that purpose, cross-sectional TEM thin foils were prepared by mechanical polishing down to 10 μm and ion milling in a GATAN-PIPS apparatus at low energy (2.5 keV Ar) and low incidence (±8
• ). To minimize irradiation damage, a final step was performed at ±4
• for two minutes. The experiments were performed using a JEOL 2200FS with FEG operated at 200 keV, equipped with an in-column filter and a Gatan Ultrascan 2048 × 2048 pixel CCD camera. Prior to data acquisition, the sample was oriented to minimize diffraction contrast in the observed area and an objective aperture was inserted giving a collection semiangle for the spectrometer of 5.65 mrad. A nominal 10 5 × magnification, resulting in a final 200 × 200 nm 2 field of view on the CCD, was chosen in order to observe ten or more of the largest bubbles simultaneously. The choice of the zone to be measured is critical: the bubble superposition has to be as limited as possible in order to measure individual bubbles. Our criterion was that the central area of each bubble does not overlap with any part of another. Besides, the chosen area has to include as many as possible filled bubbles. These areas were about 40-nm thick for the S973K sample and 25 nm thick for the S773K sample. Note that during TEM sample preparation, some bubbles can be cut and emptied, while still retaining their appearance in conventional TEM. Helium chemical mapping by EFTEM was then performed prior to the in situ annealing experiments to determine if an area with low superposition contains a majority of helium-filled bubbles.
The in situ annealing was performed using a GATAN heating sample holder. For both samples, the same methodology was applied: the annealing was performed using annealing steps of 10 min, followed by datacube acquisition at a lower temperature, 473 and 673 K, respectively, for the S773K and S973K samples. These temperatures were chosen to avoid any helium detrapping during the datacube acquisition (about 20 min per datacube) and to minimize thermal cycling and the associated spatial drift. The S773K sample was annealed from 573 to 1123 K and the S973K sample from 773 to 823 K. These ranges were chosen owing to preliminary in situ annealing experiments during which only a zero-loss and a He K-edge filtered micrographs (no spectrum images) were acquired. The annealing steps used for each sample are shown in Fig. 1 . To model the experimental data, the annealing steps were fitted with linear laws. For the S773K sample, the first part of the annealing from 573 K to 600 K was quasi-isothermal with a ramp, r 1 of 0.0062 K s −1 . A second ramp, r 2 of 0.0395 K s was used from 600 to 830 K and a final faster annealing ramp, r 3 of 0.083 K s −1 was used from 823 to 1123 K once helium was almost totally emitted. During this last temperature ramp, only underfocused energy-filtered images were recorded. The S973K sample annealing was modeled as a unique ramp, r 4 of 0.013 K s −1 .
The datacubes were acquired in two steps between −3 and 32 eV using 0.2-eV energy increments between energy planes and a slit of 1 eV. The elastic peak was first acquired with a 0.5 seconds exposure time and the second part of the datacube (10-32 eV) was recorded with a 5 s exposure time. For each sample, two zones were analyzed after each annealing step, i.e., two data cubes were recorded. However, it turned out that the data recorded in one of the two regions of the S773K sample were not analyzable, leading to poor statistics as compared to the S973K sample.
The realignement of the datacubes was realized using a homemade procedure, allowing the combined correction of the nonisochromaticity and spatial drift [40] . The He K edge was extracted after median filtering, multiple scattering deconvolution and fit of the plasmons of the SiO 2 /Si interface, the bulk Si and the cavity by Gaussian or pseudo-Voigt functions. The acquisition and treatment procedures of the spectrum images are described in further detail in Ref. [40] . The helium density, n He , is determined through its relation with the blueshift of the He K edge, E, using
where [38, 42, 43] . E is the energy of the He K edge measured in the bubble under study. E 0 is the energy of the He K edge for the free atom. In the literature, a value E 0 = 21.218 eV [44] determined by absorption experiments was systematically used [38, 45, 46] . However, as we have discussed in Ref. [40] , using this value could lead to an overestimation of the helium density. Here, we thus take E 0 = 21.71 eV, which corresponds to the energy position of the He K edge for nearly empty bubbles as explained in Sec. IV. Moreover, C He in Eq. (1) is assumed to be 0.015 eV nm 3 as determined by previous experiments in similar systems [38] .
After each annealing step and prior to any EFTEM-SI acquisition, underfocused (−1000 nm) zero-loss energy-filtered images were acquired. Quantitative analysis of these images were performed to determine both the aspect ratio and size of the bubbles. The method used is based on a standard image threshold procedure which has proven to be very successful to analyze embedded nanoparticles [47] . It, however, results in an error on the bubble size which is due to the thresholding process and to the thickness of the Fresnel fringe used to image the bubbles. This error is estimated at ±1 nm. The bubble aspect ratio is defined as a/b with a the largest dimension. In the following, the bubble diameter is defined as the diameter of a disk having the same area as an ellipse of parameter a and b.
III. EXPERIMENTAL RESULTS
The initial state of the samples has been reported in detail in Ref. [40] . Before in situ annealing, the bubble layer is composed of small bubbles homogeneously distributed in the layer, labeled S bubbles, and of rafts of larger bubbles located at the deepest edge of the bubble layer, labeled L bubbles (Fig. 2) . The bubbles of the S973K sample are almost spherical with a mean aspect ratio of 1.1. Their mean diameter ranges from 9 nm for the S bubbles to 20 nm for the L ones. The initial helium density in most of the analyzed bubbles is in the range 70 to 100 He nm −3 . The helium density maps acquired during in situ annealing are shown in Fig. 3 . Maps of the other analyzed region can be seen in Ref. [49] . The helium emission during in situ annealing was monitored from 49 bubbles, with diameters ranging from 7.5 to 20 nm. As soon as annealing starts (10 min at 773 K), helium is emitted from the bubbles. The kinetics of helium emission seems to be faster for some of the bubbles. For instance, the bubble labeled B3 in Fig. 3 (a) is almost empty after the two first steps of annealing, whereas the others still contain helium. At temperatures higher than 823 K, all bubbles are almost empty. From these maps, the helium density was measured in the center of each bubble (averaged over several pixels) as a function of the annealing time. For the sake of clarity, the emission kinetics of only four typical bubbles are shown in Fig. 3 (k). The bubbles labeled B1, B3, and B6, exhibit similar characteristics before in situ annealing. They are respectively 19, 17, and 16.6 nm in diameter and are all located in the raft of L bubbles, with an initial helium density of about 97 He nm −3 . As seen, the helium emission kinetics from these three bubbles are similar although slightly faster for B3 and B6 than for B1. The helium emission kinetics from smaller bubbles (7-10 nm in diameter) follows the same trend. For instance, the emission kinetics of bubble B19 (8.8 nm in diameter with an initial helium density of 80 He nm −3 ) is shown in Fig. 3(k) .
The evolution of the mean aspect ratio and of the mean equivalent diameter of both S and L bubble populations (respectively small and large symbols) during the in situ annealing is shown in Fig. 4 . As seen, these characteristics stay almost constant, although a small decrease of the mean equivalent diameter can be noticed for both S and L bubbles.
The bubble layer analyzed in the S773K sample is shown in Fig. 5(a) . Focusing first on the bubbles in the L layer, twelve FIG. 3. [(a)-(j)] Helium density maps for the same region of the S973K sample as shown in Fig. 2 as a function of the in situ annealing temperature and time indicated in Fig. 1 . All the spectrum images were acquired at 673 K. (k) shows in black a typical EEL spectrum in a bubble (B3) after an annealing at 773 K during 10 min [image (b)], averaged over 7 × 7 pixels and in blue the extracted He-K edge following the procedure detailed in Ref. [40] . (l) Helium density measured in the center of bubbles B1, B3, B6, and B19. The symbols represent the experimental data, the solid lines show the Cerofolini's model for each bubble, and the black dashed line shows the first-order kinetics model for B1. D is the equivalent diameter measured on the TEM micrograph and z is the depth from the surface at which the bubble is located as determined using the Cerofolini's model. The activation energy E act was fixed at 1.8 eV to fit the data.
bubbles, labeled B1-B12, were analyzable. The other bubbles of this layer do not contain helium as seen on the He K edge filtered image, Fig. 5(b) , of the same region as Fig. 5 (a). They probably have been cut during the sample preparation. The morphology of B1-B12 bubbles is characterized by a broad distribution of both the equivalent diameter in the range 7 to 16 nm and the aspect ratio in the range 1.2 to 1.9, the smallest bubbles being the more spherical. The morphological evolution of the bubbles during the in situ annealing is depicted in Figs. 5(e) and 5(f). As seen, the aspect ratio of the bubbles tends to become homogeneous. The morphology of the bubbles, which were already nearly spherical at room temperature, does not change, whereas the aspect ratio of the other bubbles decreases continuously to approximately 1.1-1.2. Such an aspect ratio, close to unity, corresponds in fact to the lowest energy equilibrium, tetra-kaidechaedral shape, typical of voids in silicon [29, 48] . This value is reached at 950 K and does not change during further annealing. This is particularly clear for bubble B9 with the highest initial aspect ratio [red stars in Fig. 5(f) ]. Furthermore, the equivalent diameter of the bubbles stays constant during the annealing.
Above about 910 K, a motion of cavities is observed. Some cavities migrate towards the surface (B2 for instance at 910 K) or in the thin foil (B6 and B10 at 970 K or B5 and B9 and 1050 K) and an event of migration and coalescence is clearly observed (B3+B4 at 910 K). The movie included in Ref. [49] allows for a better viewing of the phenomena [49] . Those lead to a decrease of the density of bubbles as seen in Fig. 5(d) . Note that some of the initially empty bubbles-voids-are lost at the surface from 850 K.
We have not performed any quantitative analysis of the morphology of the S bubbles in this sample. Indeed, the density of bubbles is very high [see Fig. 5(a) ], the bubble diameter is small, about 4 nm, and no quantitative analysis of the He K edge was possible as evidenced by the helium chemical map [ Fig. 5(b) ] where helium-filled S bubbles are hardly distinguishable. It is, however, worth noticing that migration towards the surface and migration and coalescence of the S cavities start at about 920 K, leading to a smaller density of larger bubbles 5 to 6 nm in diameter.
The helium density maps acquired during in situ annealing are shown in Figs. 6(a)-6(q) for bubbles B1 to B12 of the S773K sample. The helium density measured in each bubble is reported in Figs. 6(r)-6(s). For the sake of completeness, a typical EEL spectrum (in black) and the extracted He K edge following the procedure detailed in Ref. [40] (in blue) are shown in Fig. 7 . This spectrum has been acquired in the bubble B8 after the first step of annealing (573 K, 10 min). Before annealing, most bubbles exhibit a helium density of about 180 He nm −3 . However, three bubbles, B2, B9, B11, exhibit a smaller initial helium density of 120 He nm −3 . Like the S973K sample, helium emission is observed since the first steps of the annealing irrespective of the initial helium density. At 833 K, helium can still be detected in some of the bubbles, but for higher temperatures, all the bubbles are almost empty. Except for bubbles B2 and B11 for which a low helium density is reached very rapidly, helium emission from bubbles occurs in two steps: a first one during the first part of the annealing, nearly isothermal from 570 to 590 K and a second step between 670 and 840 K, until the bubbles are almost empty. Finally, it is worth noticing that we did not observe any He atom exchange between the bubbles.
IV. HELIUM DETRAPPING KINETICS MODELING
The helium emission from the bubbles is first modeled following the approach of Cerofolini et al. [20, 50] . The helium effusion is driven by the difference in helium chemical potential between the bubble and the matrix. From the partition function of a lattice gas made of an assembly of He interstitial atoms distributed on tetrahedral sites [51, 52] , the chemical potential of He in the Si matrix is derived. For He in the bubble, following the approach used in [52] , we considered the ultradense fluid statistical physical description proposed by Cerofolini et al. [20, 53] to determine the chemical potential. Indeed, the initial helium density in the bubbles, of the order of 100 He nm −3 is very high, it is thus not possible to describe the thermodynamic behavior of helium using neither the ideal gas nor the van der Waals gas law. The ultradense fluid model is built from a van der Waals model, in which Fig. 6(b) ] averaged over 7 × 7 pixels in black and in blue the extracted He K edge following the procedure detailed in Ref. [40] .
finite-size effects are taken into account by associating a defined constant volume to each particle (the covolume), and by including the interaction energy between all particles. To allow for a better description of the very high particle density, the covolume should depend on the particle density and on the temperature in the ultradense fluid model. A simplified repulsive potential is used to model the interactions between particles [U = u(r) = w exp (−r/χ), with w = 3000 eV and χ = 0.192Å] [20] . With this model, the free energy of the total system and the chemical potential of the He atoms are derived. Next, assuming equilibrium between the lattice gas in the Si matrix and the ultradense fluid bubble allows to specify the helium density in the bubble as a function of the helium density outside. The rate equation describing the variation of n He is then given by
D 0 is the prefactor of the Arrhenius expression for the diffusivity of helium in interstitial sites in
T is the thermal de Broglie wavelength (with h the Planck constant and m the helium atom mass), ν i is the vibration frequency of helium as an interstitial in the Si lattice (assumed to be the same for the three normal modes), k B is the Boltzmann constant, b(n He ,T ) is the dynamical covolume given by [20] 
ωu(kn
He ), where k is related to the He packing factor in the bubble (k = 1.122 for the face-centered-cubic structure [20] ). z is equal to the depth from the surface at which the cavity layer is located (the deepest edge of the bubble layer). In Ref. [20] , this parameter is set on the basis of TEM micrographs or Monte Carlo simulations with SRIM for instance [54] . In our case, the closest surface is not the implanted surface but the two surfaces of the TEM thin foils. The determination of the position of a buried defect in the TEM thin foil is a long standing problem [55] . For the sake of simplicity, the bubble is here assumed to lie in the middle of the thin foil. Thus the factor 2 in Eq. (2) takes into account that the loss of helium may occur from both surfaces and z is left as a floating parameter. It is important to note that the surface is not necessarily flat as it may contain holes left by bubbles cut during the sample preparation, i.e., z is not necessarily equal for two close bubbles. V is the volume of the bubble per unit area. It is determined based on the TEM micrographs of the explored region. Finally, E act corresponds to the activation energy for He emission when the chemical potential of the He atoms in the bubble is null; it is taken equal to 1.8 eV as determined previously [20, 24, 52, 56] .
This model is first applied to the emission kinetics of the S973K sample in order to determine E 0 , the position of the He K edge at low helium density. As seen in Fig. 3(l) , the He emission kinetics from the bubbles of this sample are characterized by a single mechanism, well reproduced by the Cerofolini's model (solid lines). Focusing first on bubbles B1, B3, and B6, which exhibit similar morphology and initial helium density, it is clear that the difference in the He emission kinetics is due to the position of the bubble with respect to the thin foil surfaces (z parameter), the closer the surface, the stronger the emission. The dependence on the bubble volume through the term V in the rate equation [Eq. (2)] is seen with bubble B19, which is deeper from the surface but is also smaller than B6, leading to a similar emission kinetics than B6.
The comparison between the Cerofolini's model and the first-order effusion rate equation suggested by Griffioen et al. and often used in the literature [23, 24, 31, 57] to describe helium effusion from bubbles [black dashed line in Fig. 3(k) ], clearly emphasized that finite-size effects should be taken into account when dealing with a dense fluid.
To determine E 0 , the emission kinetics of the ten largest bubbles were modelled with E 0 and z as floating parameters, n He being given by Eq. (1). An average of the E 0 value was made, leading to a value of 21.71 eV ± 0.02 eV. This value is used in the course of the paper to determine the helium density through Eq. (1) . Note that the error of 0.02 eV is the standard deviation of the set of data values determined on the ten bubbles.
We now focus on the bubbles in the S773K sample and start to discuss the emission kinetics of bubbles characterized by the highest initial He density (all bubbles except B2, B9, and B11). These clearly exhibit a two steps process. The first one occurs during the nearly isothermal annealing up to 2500 s and 587 K above which the second step starts. We found that the first step emission kinetic is poorly described using the Cerofolini's model, unlike the S773K sample. An important difference between S973K and S773K samples is the much higher initial helium density in most bubbles in the latter, in the range 170-180 He nm −3 . The equivalent pressure is in the range 20-24 GPa using the equation of states (E.O.S.) of Loubeyre et al. [58] . For such pressures, the phase transition between fluid and solid He occurs for temperatures in the range 450-490 K [59] [60] [61] [62] . The measurement temperature being 473 K, helium may be solid in the bubbles. The formation of rare gas bubbles in the crystalline state following the implantation of Ar, Kr, Xe in metals [63] [64] [65] [66] [67] [68] [69] [70] [71] and Kr and Xe in Si [72] [73] [74] [75] is well documented in the literature. Moreover, the fluid to solid transition of He has been sporadically reported in bubbles in Al by positron lifetime and Doppler broadening measurements [76] and in LiNbO 3 [77] . Assuming helium in a solid state at the beginning of the in situ annealing, it is hardly conceivable that the ultra dense fluid model would be suited for the whole kinetics. However, when the second step begins, the He density in the bubbles is in the range 80-150 He nm −3 for which the ultradense fluid model should apply. This is confirmed by the data shown in Fig. 8(b) where the emission kinetics of bubbles B6 and B8 (symbols), typical of all those observed, can be fairly fitted with the Cerofolini's model (full lines).
To model the first step, we develop an alternative model, accounting for solid helium in bubbles. In first approximation, we consider the contribution of vibration modes to the free energy of the solid helium, constituted of N He vibrating helium atoms, and we assume that the vibration modes are similar in the three directions. The partition function of such a system is given by
with ν the phonon frequency.
In the high-temperature approximation, which is justified here since the measurement temperature T (473 K) is much higher than the Debye temperature of solid He,
Taking into account the potential U with fcc solid He, the chemical potential is given by
In our model, it is important to consider the variation of the phonon frequency as a function of the helium density. For the densities considered here, the high pressure data by Watson et al. [78] can be approximated by a linear equation
with a = 6 × 10 10 cm −3 s −1 and ν 0 = 3 × 10 12 s −1 . As in the Cerofolini's model, assuming equilibrium between the lattice gas and the solid phase in the bubble implies that the chemical potentials of both assembly of atoms are equal. This allows for the calculation of the helium density in the bubble as a function of the helium density in the matrix. The rate equation is then given by
In Eq. (7), we introduced ζ (n He ) as a correction to E act , the energy barrier for an helium atom to be emitted from the bubble. ζ (n He ) accounts for additional contributions because of the very high helium pressure in bubbles, and helium in solid state. First, there might be a supplementary energy barrier associated to the diffusion of helium atoms through the bubble internal surfaces. Firs-principles calculations have shown the existence of low energy migration paths [52] . Since helium atoms in a fluid state are characterized by a high mobility and no stationary position relative to the surface, it is assumed that they can easily find and follow these paths. Consequently, there should be no additional energy contributions for helium emission from the bubble. Conversely, helium atoms in solid state have low mobility and the diffusion through easy paths will be limited, leading to an overall higher energy barrier for diffusion. Moreover, the bubbles aspect ratio is broadly distributed from 1.2 to 1.9, indicating different proportions of surface orientations. The additional energy barrier represented by ζ (n He ) could then vary from one bubble to another. Secondly, our investigations recently revealed the formation of an highly pressurized region in the silicon matrix, surrounding the bubble, when the helium density in the bubble is greater than 114 He nm −3 [41] . This is expected to impede the diffusion of He atoms, and thus also the helium emission from the bubble. All these factors may contribute to ζ (n He ), and thus to an increase of the activation energy associated to helium emission from the bubbles. This argument is supported by earlier desorption experiments on Ar bubbles in Ni, where an anomalous desorption peak as been ascribed to the phase transformation of Ar inside the bubbles [71] .
The results of our calculations are shown in Fig. 8(a) . z is set using the Cerofolini's fit on the data in the range 600 to 900 K (second helium emission mechanism) and ζ (n He ) is adjusted by a third order polynomial function to reproduce the experimental data; its value decreases from 0.2 eV to 0.0 eV during the helium emission. As seen, this model succeeds in reproducing the experimental data of the first annealing step, when helium is assumed to be solid (Fig. 8) .
As for bubbles B2, B9, and B11, the second part of their emission kinetics is well described by the Cerofolini's model but the first part can not be described neither by our solid He model (for a helium density of 150 He nm −3 , helium is probably not solid [58] ) nor by the Cerofolini's model. For the moment, the reasons for this anomalous behavior are not clear and further experiments are needed.
V. DISCUSSION
Helium emission from bubbles has been mainly studied in the literature by THDS. The THDS spectra of highfluence helium implanted samples are usually characterized by two peaks. A first one at low temperatures (600-900 K) is attributed to helium emission from small helium-vacancies clusters, whereas the second one, occurring at 400 or 500 K higher temperatures is attributed to helium emission from bubbles [20, 24, 29] . We do not measure the first peak using in situ EFTEM-SI because the small He-V clusters can not be resolved. However, we clearly demonstrate here that the helium emission from individual bubbles can be measured. In agreement with previous investigations by THDS, our results show that when the helium density in the bubble is below 150 He nm −3 , helium emission is associated to a single physical mechanism, with an activation energy of 1.8 eV [23, 24, 52] . This mechanism can be modelled using the ultradense fluid Cerofolini's model, thus proving that more simple perfect gas or van der Waals descriptions are inappropriate. The temperatures at which we observe helium emission from bubbles can however be surprising. They are indeed much smaller than what is usually obtained by THDS. This is in part ascribed to the different temperature ramps used in both experiments. Indeed, the typical ramps used for THDS measurements are typically one or two order of magnitude larger than what we used here, and it is well known that the temperature ramp plays an important role in the helium release process [35, 36] . Moreover, as seen, the position of the bubble with respect to the free surfaces greatly influences the emission kinetics. Both effects suggest that the combination of structural data obtained through in situ TEM, thus on thin foils, and of chemical data obtained by ex situ THDS on bulk samples, should be done with great care.
When the initial helium density is higher, we have shown that the Cerofolini's model can no longer reproduce the helium emission kinetics. We ascribe this to the fact that helium may be in a solid state and that there are additional barriers for helium emission associated with high internal pressures. We propose a tentative model taking into account these aspects, and which can model our experiments with a fair agreement. The influence of high pressures on helium emission from the bubbles is represented by the contribution ζ (n He ), which correctly decreases as a function of n He and becomes negligible for 150 He nm −3 . Also, the maximum value of 0.2 eV found for the highest densities is reasonable in the light of the proposed mechanisms. Although this value is low, we show that it strongly influences the helium emission kinetics.
In this work, we monitored the morphology and position of single nanometric bubbles as a function of temperature, while measuring the helium density inside these bubbles. These original experiments allow for an improved understanding compared to the current state of the art. Two qualitatively different mechanisms are generally distinguished to explain cavity coarsening upon annealing, namely cavity migration and coalescence and Ostwald Ripening. The former mechanism is due to random rearrangements of the cavity matrix interface by diffusion of matrix atoms by surface diffusion whereas in the latter mechanism, the thermally activated resolution of helium and vacancies from small bubbles leads to the absorption by larger ones. We found here that helium emission takes place at temperatures for which no bubble migration is seen. Conversely, at temperatures higher than 900 K, several migration events are detected, leading to either loss of bubbles at the surface or to coalescence (B3+B4). This first indicates that the observations of mobile bubbles made at higher temperatures actually concerned empty, i.e., voids, or weakly filled cavities. This confirms with no ambiguities previous observations by Griffioen et al. [21] or more recently by Dumont et al. [31] . Moreover, this is in line with the theoretical work of Evans who has shown that for moderate annealing temperature up to 1273 K, the coarsening of voids is due to migration and coalescence [28] . The migration of voids is attributed to a surface diffusion process. This is supported for instance by the fact that the presence of oxygen impedes any voids coarsening [25] . In the migration and coalescence model, smaller bubbles are more mobile than larger ones for a given temperature or in other words, smaller bubbles are expected to migrate at a lower temperature than larger ones [27] . The migration of the S voids is visible at about 920 K, the migration of the L ones would thus be expected to occur at higher temperatures. This is indeed the case for B10 and B6, 10 nm in diameter, which migrate at 970 K and for B5 and B9, 12 nm in diameter at 1050 K. Because of the small thickness of the thin TEM foil, the largest migrating voids often burst out at the surface before meeting other voids, explaining why in average the diameter of the largest voids does not change. However, as expected, the diameter of the smaller ones clearly increases during annealing at temperatures higher than 920 K whereas the cavity density decreases.
The lack of mobility of bubbles containing a high helium density has two possible explanations. First, it is usually assumed that bubbles migrate thanks to the diffusion of matrix atoms on the bubble internal surfaces. The presence of helium, especially at high density, is expected to impede this mechanism, thus greatly lowering the bubble mobility [79] . The modification of bubble aspect ratio at constant diameter is also expected to depend on surface diffusion. In fact, we note that in most of the bubbles in both samples, with aspect ratio in the range 1 to 1.5, the bubbles morphology does not change. However, B9 in the S773K sample, exhibiting an initial higher aspect ratio of 1.8, tends to spherical shape when annealed, suggesting that a limited surface diffusion is active. Second, it is also possible that for the bubble sizes and helium densities studied here, the diffusion starts for temperatures higher than the ones associated with helium emission.
We now focus on the formation of these nanometric sized bubbles filled with a high helium density, such as those observed in S773K before in situ annealing. We know that Ostwald ripening is unlikely to occur for such temperatures [28] , especially because of the high vacancy formation energy (3.17-3.6 eV [80, 81] ) [82] . This is confirmed in our experiments, where no helium exchange between bubbles and no bubble shrinkage are detected. In a scenario compatible with our results, bubble coarsening could then occur thanks to the migration of sub-nanometric sized bubbles, hardly detectable in experiments. These mobile bubbles, filled by a low helium density, would then coalesce with larger and less mobile bubbles. This would explain the formation of bubbles of diameter 10-20 nm. Nevertheless, this process can not explain the high helium density inside the large bubbles, as measured here. Instead we propose that the helium density increase is the consequence of the capture of helium interstitials, mobile at moderate temperatures. Such a mechanism is supported by molecular dynamics investigations performed in our group [41, 83] .
VI. CONCLUSION
In this work, we have studied the detail of the evolution of single nanometric helium bubbles by simultaneously monitoring their structural and chemical modifications during an in situ annealing in the TEM. We clearly show that helium emission occurs at temperatures for which no motion of bubbles is observed. At higher temperatures, the migration (and coalescence) of voids is clearly revealed. For helium density lower than 150 He nm −3 , the Cerofolini's model taking into account the thermodynamical properties of an ultradense fluid reproduces well the helium emission from the bubbles leading to an activation energy of 1.8 eV. When bubbles exhibit a higher initial helium density, the Cerofolini's model fails to reproduce the helium emission kinetics. We ascribe this to the fact that helium may be in the solid phase and we propose a tentative model to take into account the properties of the solid. ACKNOWLEDGMENTS D. T. L. Alexander (CIME, Lauzanne) is kindly acknowledged for the technical help on the microscope. K.A. acknowledges the French doctoral school SI-MMEA for financial support.
